The public is unknowingly exposed to very high-frequency sound (VHFS; 11.2-17.8 kHz) and ultrasound (US; >17.8 kHz) signals in air in public places, as evidenced by previously published reports. The present report provides evidence for the presence of VHFS/US signals in the air at public places in Zurich, Switzerland. The analysis of the signals measured revealed that they: (i) contain one, two or multiple frequencies; (ii) comprise frequencies ranged from 15.5 kHz to 36.0 kHz; (iii) were either quasi constant in their amplitude or exhibit a clear amplitude modulation; and (iv) were in their characteristics (frequencies, modulation, intensity) specific for each place. Based on the signal characteristic it is likely that the signals are generated by public-address voice-alarm (PAVA) systems. The work presented: (i) documents the presence of VHFS/US signals at public places in Zurich, possibly caused by PAVA systems; and should (ii) show that is easily possibly to measure the signals with an affordable measurement equipment as a "citizen scientist", and stimulate others also to measure and analyse VHFS/US signals with this citizen scientist approach in other cities worldwide. Due to the possible negative health-related effects of a human exposure to VHFS/US signals, further research is needed to document VHFS/US signals at public places and to evaluate biological effects of this exposure with laboratory studies.
Introduction
Several reports published in the last couple of years provided evidence that the public is unknowingly exposed to very high-frequency sound (VHFS; 11.2-17.8 kHz) and ultrasound (US; >17.8 kHz) signals in air in public places [1, 2] (the lower limit for the ultrasonic bands being 17.8 kHz because, as Leighton [3, 4] points out, guidelines set for decades at 20 kHz actually apply throughout the third octave bands that is centered on 17.8 kHz). Sources of these VHFS/US signals are mainly public-address voice-alarm (PAVA) systems and pest deterrent devices [1] . Many PAVA systems emit US (normally 31 around 20 kHz) as they monitor their operational integrity [1, 5] . Since the EU in 2008 made it mandatory that PAVA systems implement a technology to ensure and monitor operational integrity [6] . VHFS/US signals in air at public places have been documented by reports published in academic journals as well as internet reports from citizen scientists. Detections were documented mainly in the United Kingdom (UK; involving the cities of Southampton, London, Cambridge, Bristol, Inverness, Manchester) [1, 2, [7] [8] [9] , Germany (Berlin, Hanover, Cologne) [2] , France (Paris) [2] , Italy (Rome, Milan) [7] and Japan (Tokyo) [10] . It is highly likely that VHFS/US in air is present in all public places in cities worldwide. However, a systematic investigation about this has not been conducted so far. VHFS/US in air can affect humans when people are able to hear it or possibly also even when the sound it not heard. Reports about the occurrences of specific symptoms (e.g., discomfort, restlessness, headache, nausea, fatigue, asthenia, tinnitus, dizziness, stomach pain) as a consequence of a VHFS/US exposure have been published [11] [12] [13] [14] [15] [16] [17] and laboratory studies conducted investigating symptoms caused by VHFS/US exposure [18, 19] . The study of fletcher et al. [19] considered VHFS and US that all of the human subjected tested could hear. The researchers proved discomfort, and proved statistically significant triggering, regardless of whether the human subject described themselves as in the past being sensitive to adverse effects from these frequencies. Only the group who described themselves in this way showed statistically significant triggering of annoyance and difficulty concentrating. When the team tested VHFS and US that none of the subjects could hear [18] , no one showed a statistically significant triggering effect. However, as the authors point out, it is very important to note that both studies [18, 19] were legally limited to lower sound pressure levels (SPLs), and shorter duration exposures, than could occur in many public settings, and therefore the results of these two studies should not be interpreted as implying that only small effects could ever be produced by longer or more intense exposures: they were not allowed to test those regimes.
If an exposure to VHFS/US signals is able to trigger activation of the auditory cortex in humans was investigated by Kühler et al. [20] . Although at first reading this study might be taken as suggesting that an activation of the auditory cortex could be also not detected in a study investigating neural effects correlated to a VHFS/US signals exposure, the study did not compare like with like: to quote the authors "stimuli at frequencies of 16.9 kHz, 19.1 kHz, 20.7 kHz and 24.2 kHz, being identical to the stimuli used in the hearing threshold experiments, were presented at two different SPLs: namely, at 2 dB below the individual hearing threshold of the subject (−2 dB SL) and at 5 dB above this hearing threshold (5 dB SL). A reference stimulus with a frequency of 14 kHz at 20 dB above the individual hearing threshold (20 dB SL) was used to compare the brain responses evoked by the ultrasound with a well-known brain response in the audible frequency range" [20] . Therefore, the 14 kHz control signal was had a considerably higher sensation level than the VHFS/US test signal, which might explain why the response from a VHFS/US did not elicit a comparable response in the auditory cortex. The authors report that "almost all of the test subjects described the hearing sensation as displeasing" and credited Leighton [1] as correctly predicting the observation they confirmed, that close to the high frequency limit of an individual's hearing, the dynamic range between being able to hear a sound and finding it unpleasant is very small.
While VHFS/US is normally not heard due to the hearing threshold in this frequency range, some individuals with the ability to hear it exist because high-frequency hearing threshold varies individually [21] . Since the biological effects of VHFS/US sound exposure is not completely understood and the exposure limits are questionable [1, 12] , a detailed assessment of the public exposure to VHFS/US is warranted. To this end, this project from a "citizen scientist" aimed to measure VHFS/US sounds in public places in Zurich, Switzerland -a country from which such measurements have not yet been reported. The idea of this project was triggered by the seminal paper of Leighton published in 2016 [1] discussing new measurements about an "increasing mass exposure to ultrasound in air" and where citizen scientists are called upon to measure and document VHFS/US emission in air at public places by themselves in order to further identify and investigate public mass exposure to VHFS/US.
Materials and Methods
Measurements of VHFS/US sound were made with a portable measurement setup involving a tablet computer (Huawei MediaPad M5 lite 10, Huawei Technologies Co. Ltd., Shenzhen, China), a precision condenser measurement microphone (Dayton Audio UMM-6 USB; Dayton Audio, Springboro, OH, USA; polar response: true omnidirectional, frequency response: 18-20.000 Hz (calibrated), sensitivity at 1 kHz into 1 kΩ: 10 mV/Pa (−40 dBV, re. 0 dB = 1V/Pa), maximum SPL for 1% total harmonic distortion at 1 kHz: 127 dB) and an audio analysis software (Spectroid, version 1.1.1, Carl Reinke, Albuquerque, NM, USA). Figure 1a depicts the measurement equipment used. The frequency-response of the condenser microphone was measured by the manufacturer for the specific microphone use in this investigation and it showed a good linear frequency-response over the whole frequency range (see Figure 1b ). Audio recordings were made with a sampling frequency of 96 kHz. Audio signal processing involved frequency and time-frequency analysis (Spectroid software settings: fast Fourier transform (FFT) window size: 8192 bins (12 Hz/bin), decimation: 5 (0.37 Hz/bin at direct current), window function: Blackman-Harris, exponential smoothing factor: 0.90, desired transform interval: 100 ms (10 Hz), DC signal subtraction via moving average). The magnitude of the signals is shown in Spectroid in the decibel (dB) "Full Scale" unit (dB FS) where 0 dB FS corresponds to the maximum power the microphone is able to measure. A negative dB FS values thus indicates that the measured magnitude is less than the maximum possible. The condenser measurement microphone was calibrated with a sound level meter (732 A, BK Precision) and with the REW room acoustics software (v.5.19) (using the frequency-response measured for the microphone) to obtain also the magnitude as sound pressure levels (SPL) in the dB scale (unweighted, i.e., with a linear frequency-response). Both, the dB FS scale (for the whole frequency range) as well as the dB scale (for all frequencies in the range 5 Hz-20 kHz) were determined when analysing the recorded signals.
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Results
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At 10 public places, distinct VHFS/US signals could be detected a University in Zurich, shops and places at the main rail station (see Table 1 ). The signals were detected by positioning the microphone at different, random, directions at various places. If a signal was seen in the spectrogram, the positioning of the microphone and the location of measurement were changed until the signal were detected with the highest intensity. In total, at 50% of the measured locations (10 of 20), a VHFS/US signal was present. Figures 2-5 show the annotated screenshots of the signals recorded. In several cases, VHFS/US signals above the microphone calibration (>20 kHz) were detected since the microphone is able (but with a reduced sensitivity) to detect signals up to about 40 kHz. Table 1 . Frequencies of very high-frequency sound (VHFS) and ultrasound (US) signals detected in public places in Zurich, Switzerland. AM: amplitude modulated. IA: irregular amplitude, ACA: approximate constant amplitude. T: duration between signal maxima or duration of the signal (amplitude modulation), HFBL: high-frequency background level (background sound level around the peak frequency; mean levels left and right the spectral peak). ∆SPL: difference of sound pressure level (SPL), peak SPL minus SPL background noise (i.e., sound intensity at the particular frequency with respect to the background noise). The background noise was estimated as the mean value from the adjacent values directly right and left the spectral peak. SPL values are given in dB "Full Scale" (FS) (for all signals) and in dB (for signals with a frequency up to 20 kHz since the microphone was calibrated to provide SPL values in dB for this range). If a frequency range is given for the VHFS/US detected, it means that the signal's peak frequency was varying in this frequency range. The VHFS/US signals registered had different characteristic depending on the location. At some places, a single signal was present (#3, #4, #7, #8), whereas at others, two (#5, #6, #10) or more (#1, #2, #9) could be registered. Some of the signals were clearly visibly amplitude modulated or showed irregular variations of the amplitude (#1, #2, #5, #6, #7, #8, #9, #10), whereas others had an approximate constant amplitude, i.e., were tonal sound emissions (#3, #4, #5, #6, #9). The peak frequencies ranged from 15.5 kHz (#5) to 36.0 kHz (#9). Figure 5c summarized the detected frequencies from all locations). Some of the sound emissions were broad band with several frequencies near each other (#1) or an almost constant emission over a specific frequency interval (#5). The maxima of the signal intensities in dB FS ranged from −139.5 dB FS (#1) to −155.5 dB FS (#2), i.e., the most intense VHFS/US signals, according to the dB FS scale, were detected in the shop #2. SPL measurements in dB could be given for the signals at #1 (28.3 dB (f 1 )), #2 (39.4 dB (f 1 )), #4 (39.0 dB), #5 (30.1 dB), #6 (41.7 dB (f 1 ))), #9 (35.9 dB (f 1 )); 36.7 dB (f 2 )); the values represent the maximum value of the spectral peak). The SPL of the signal peaks with respect to the background noise (in dB) ranged from 2.5 dB (#1, f 1 ) to 16.3 dB (#6, f 1 ), i.e., the most intense VHFS/US signal in the range up to 20 kHz was measured at a passage in the basement of the Zurich main station. As expected for VHFS/US signals in air, the amplitude of the signals detected were direction dependent. However, at all 10 locations where a signal was registered, the signal was clearly detected even when positioning the microphone in the direction where the signal was weakest. In some places, the directional dependence was strong (#1, #6, #7, #8) where in the remaining places the signal varied only moderately when measuring in different directions. 
Place No. Measurement Location, Peak Frequencies and Levels of the Signals, and Signal Characteristics

Discussions, Conclusions and Outlook
The present report provides evidence for the presence of VHFS/US signals in the air at public places in Zurich, Switzerland. The analysis of the 10 signals measured revealed that they: (i) contain one, two or multiple frequencies; (ii) comprise frequencies ranged from 15.5 kHz to 36.0 kHz; (iii) were either quasi constant in their amplitude or exhibit an AM; and (iv) were in their characteristics (frequencies, modulation, intensity) specific for each place.
The findings agree with published reports about VHFS/US detections in other cities worldwide [1, 2, 7, 9, 10] . The sources of the VHFS/US signal recorded in present investigation are most probably PAVA systems installed in the places visited. PAVA systems create US signals with main frequencies of about 20 kHz [5] , i.e., the same frequency also detected in the signals presented in this report.
The SPL values detected VHFS/US signals, when analysing the signals in dB and up to 20 kHz, ranged from 28.3 dB (f1, #1) to 41.7 dB (f1, #6), indicating that the intensities were weak. When looking at the SPL amplitudes for the peak signals, some reached 16.3 dB (#6, f1), i.e., demonstrating a relatively strong amplitude with respect to the background SPL around this signal. 
The SPL values detected VHFS/US signals, when analysing the signals in dB and up to 20 kHz, ranged from 28.3 dB (f 1 , #1) to 41.7 dB (f 1, #6), indicating that the intensities were weak. When looking at the SPL amplitudes for the peak signals, some reached 16.3 dB (#6, f 1 ), i.e., demonstrating a relatively strong amplitude with respect to the background SPL around this signal.
The work presented should: (i) document the presence of VHFS/US signals at another city in Europe; and (ii) stimulate others to also measure and analyse VHFS/US signals with the citizen scientist approach in other cities worldwide. Both, the documentation and the further large-scale measurements are necessary to help understanding the significance of VHFS/US signals as a possible source of public health related impacts. Although the exposure to VHFS/US signals is regulated, the regulatory guidelines have been criticized as being insufficient and incorrect [1, 3, 4] , and there is in general no regulatory agency making measurement at public places to ensure that the guidelines are met. It is therefore likely that the public is exposed to intense VHFS/US signals at some public places with the consequence of negative impact on the health where the persons exposed are not aware of their exposure nor of the health-related significance of such. The use of PAVA systems producing VHFS/US signals in air needs to be more regulated and controlled, and the public should be informed to a greater extent about the possible negative effects of a VHFS/US exposure, especially when persons are exposed for many hours a day such as employees in shops with PAVA systems installed.
The study has the following limitations: (i) detected VHFS/US signals with frequencies above 20 kHz (and thus above the calibration and linearity of the microphone) could not be given in absolute dB units since a calibration of the microphone was not available in this frequency range; (ii) it was not investigated how the signals detected depend on time-of-day, exact measurement location or other factors. Furthermore, the investigation did not provide information about the exact source of the VHFS/US signals detected. Planned follow-up investigations will take these limitations into account.
The investigation of biological chronic and long-term effects of exposing humans to airborn VHFS/US signals need to be intensified since it is foreseeable that the public is going to be exposed to VHFS/US signals in an increasing manner by PAVA systems [1] . This is in addition to new technology such as wireless power transfer to mm-sized nodes enabling long-range wireless charging or signal transmission as part in the next-generation of the Internet of Things infrastructure [22, 23] .
Since the negative impact of a VHFS/US sound exposure on human health is only superficially investigated and understood at the moment, the application of the precautionary principle [24] is warranted, making it necessary to regulate the use of VHFS/US sound in public places (including workplaces) more strictly to minimise potential effects on sufferers. This precaution would especially protect people that are sensitive to VHFS/US sound exposures like those with the ability to hear VHFS/US sound [21] (children being especially relevant with this respect) as well as those Highly Sensitive People (HSP) who have a lower threshold for the detection of sensory signals and have a different processing of them [25] [26] [27] [28] .
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